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Abstract

The TChem toolkit is a software library that enables numésraulations using complex chemistry and
facilitates the analysis of detailed kinetic models. Thelkid provide capabilities for thermodynamic
properties based on NASA polynomials and species producbasumption rates. It incorporates meth-
ods that can selectively modify reaction parameters fosisieity analysis. The library contains several
functions that provide analytically computed Jacobianrives necessary for the efficient time advance-
ment and analysis of detailed kinetic models.
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Chapter 1

Introduction

Consider the system of stiff ordinary differential equaid@DE’s) that describe the evolution of a
homogenous mixture dfispecSpecies in an open container

T 1 MNpec

= h 1.1
p oc, k; KO (1.1)
Ve  Gx

E:F k::l....Nspeo

wherep is the density[T the temperatureyy the mass fraction of specié&sc, andcp, the specific heat
of the mixture and specids respectively andy the reaction rate of speci&s In some cases, the ODE
for select species (usually the most abundant in the mixiareeplaced by an equation enforcing mass

conservation. For example
Nspec
YL=1- Y (1.2)
k=1kAL

can substitute the ODE for specie# (1.1).

The system of equations (1.1) can aid in the design of kimetidels for increasingly complex fuels.
It allows the computation of ignition delay times and midwompositions that can be compared against
experimental results from shock tube experiments. Thiteayss a canonical configuration which enables
the study of chemical reaction pathways and testing of #@lyuos for reducing detailed kinetic models for
use in more complex configurations.

TChem is as an open source software library that facilitétesihalysis of complex kinetic models and
provides tools for incorporating these models in combussionulations. The example codes, written in
C, C++, and Fortran, that are part of the library provide modeless for the system of ODE 1.1. While
the library is standalone, the example applications reqiie open source libraries CVODHfor the C
and C++ models) and DVOD¥Hfor the Fortran model).

This report is organized as follows. Chapter 2 contains esgooes for the thermodynamic properties
and chemical composition formulae implemented in the tjr&hapter 3 provides an overview of the
reaction rate expressions. Chapter 4 describes the denvatid calculation of the Jacobian matrices.

Ihttps://conputation.|lnl.gov/casc/sundials
https://conputation.|lnl.gov/casc/software. htn
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Chapter 5 describes C, C++ and Fortran example codes that usenT Che user interface for all functions
is presented in Chapter 6.

10



Chapter 2

Thermodynamic properties, equation of state,
and mixture formulae

The heat capacity at constant pressug),( molar enthalpy ki), and entropy § for a mixture are
given by :

Nspec Nspec Nspec

Cop= 3 XCp, H=H XH¢, S=H X& (2.1)
k=1 k=1 k=1

where subscripk stands for species “K” anlspecis the number of species in the mixture. The standard-
state thermodinamic properties for a thermally perfectagascomputed based on NASA polynomials [6]

% = ao,k+T(al,k+T(az,k+T (337k+a4,kT))>a (2.2)
%:T(%HT(%jLT(%jLT(%jL% >>)>+a5,k, (2.3)

Here Xy the mole fraction of specidg and[] the universal gas constant. The specific thermodynamic
properties in mass units are optained by dividing the abgpeessions by the molecular weights:

Cpo =Cpi/Mhks  hic=Hi/MWk, S = S/ (2.5)
and the mixture properties computed as
Cp= ZYkak’ h= ZYkhk, S= ZYkSK (2.6)

whereW andYy are the molecular weight and the mass fraction of spdgiesspectively.

The ideal gas equation of state is used throught the library,

0 Nspec 5

k=1

whereP is the thermodynamic pressul#,is the molecular weight of the mixtur&, is the temperature,
andXy is the molar concentration of speciedVN is computed as

o <Nspec Yk ) Nspec ( )
W= |3 %) — 3 xwm 2.8
2w 2

11



Mass and mole fractions can be computed from each other as
X =YW /W, Yie = XWe/W (2.9)
while the molar concentration is given B = pYi/Wk.

The units for these properties are given in Section 7. Fanstihat perform calculations described in
this section are contained in fild€_mlms.candTC_thermo.cand are described in Section 6.

12



Chapter 3

Reaction-rate expressions

The reaction rate of speci&sn mass units is written as

Nreac

ok = Wk ZleiQi, Vki = Vi — Viis (3.1)
i=

whereNreacis the number of reactions amg; andvy; are the stoichiometric coefficients of specieis
reactioni for the reactant and product side of the reaction, respaygtir he rate-of-progress of reaction
IS g = CiRi, with

1 basic reaction

o X 34 hody enhanced, no pressure dependence (3.2)
o 1—}:?3“ F  unimolecular/recombination fall-off reactions '

fprili. chemically activated bimolecular reactions

N Vi N v . .
and®; = kr, |‘|jj’f°3€j ke |‘|ji"f°3€j“. The above expressions are detailed below :

e Forward rate constant has an Arrhenius expressignz= ATR exp(—%), whereA;, Bi, andEg;

are the pre-exponential factor, temperature exponengetngtion energy, respectively, for reaction
i

e Reverse rate constalgt. For reactions with reverse Arrhenius parameters specKied computed
similar toks;. If the reverse Arrhenius parameters are not specikiets computed ak; = ks, /Kc;,

where
Nspec, Nspec Nspec
- (Patm\2k=1 Vki ,  /Patm)2k=1 VK = (s

ka = (FT) ks = (57) eXp<kzlv"' (Rk ReT 5.3)

Nspec, Nspec

Patm 2k-1 Vki 0 ( S hg )

= ex Vi | —InNT + — — — 3.4
( 0 ) p<k_1 . Re R G4

EPE‘CV | Nspec
— (patm 2t exp( > VkiQk) . (3.5)

O K=



Based on the polynomial expressions in (2.3) and (249,are computed as

_ S hg
G=-INTHR "RT (3.6)
a a a a
:a6,k—ao,k+(ao,k—1)InT+T(%"JFT(%"JFT(f§+324él)<-|->>)_ _?_.,k (3.7)

Note: If a reaction is irreversiblé, = 0.

e Concentration of the “third-body”X; = z?‘j’f‘:aijxj, wherea;j is the efficiency of specieg in

reactioni andX; is the concentration of specig¢saij coefficients are set to 1 unless specified in the
kinetic model description.

e Reduced pressui@;. If expression “(+M)” is used to describe a reaction, then= %3&. For
reactions that contain expressions likeY{#)” ( Ym is the name of specias), Pj = &'Ixm

For unimolecular/recombination fall-off reactiorte Arrhenius parameters for the high-pressure
limit rate constank, are given on the reaction line, while the parameters for thegressure
limit rate constankg are given on the auxiliary reaction line that contains thenad “LOW”. For
chemically activated bimolecular reactiotige parameters fdg are given on the reaction line while
the parameters fd, are given on the auxiliary reaction line that contains thenad “HIGH”.

1 Lindemann reaction
Fi = Fcle/r1(tl+(A/B)2) Troe reaction (3.8)

dTe(aexp(—2) Jrexp(—%))X SRI reaction

1. Forthe Troe formEeen, A, andB are

Feent= (1—a) exp(—_l_***) +aexp<—ﬁ> +exp<— - ) (3.9
A=100,oP—0.67loggFcent— 0.4 (3.10)

Parameters, T***, T*, andT** are provided (in this order) in the kinetic model descriptio
for each Troe-type reaction. T** is ommited, only the first two terms are used to compute

I:C ent:

-1
2. For the SRI form exponeirk is computed aX = <1+ (IogloPri)2> . Parametersg, b, c, d,

ande are provided in the kinetic model description for each SRktyeaction. Ifd ande are
ommited, these parameters are sette 1 ande= 0.

Note on units for reaction rates
In most cases, the kinetic models input files contain pararsg¢hat are based on calories, cm, moles,

14



kelvin, seconds. The mixture temperature and species roofaentrations are necessary to compute the
reaction rate. Molar concentrations are computed as

Y kmol

The molar concentrations are then multiplied by 1€ convert them tc{?—n‘}}] The molar reaction rates
computed based on these values ar%eiﬁis}. These molar reaction rates are multiplied by &0d by

the molecular weight of each speci%ﬁj%l] to obtain the mass reaction rates[iﬁ%s} .

15



This page intentionally left blank.



Chapter 4

Jacobian Matrices

Efficient integration and accurate analysis of the stifftegs of ODE’s (1.1) requires the Jacobian
matrix of therhs vector. In this chapter we will derive the components of theobian matrices both for
systems which includes equations for all species as wetlras/Btems of ODE’s with one eqauation being
replaced by the mass conservation equation (1.2).

Let
® = {PTYy,Y2..., Yy} and (4.1)
~ T
® = {P7T7Y17'"7YL—17YL+17"'7YN5pec} (42)

denote the set of variables for the full and reduced systdr@d&’s, respectively. Altough we included
pressure as an independent variable, we restrict our iattetot open containers for which the thermody-
namic pressurd?, is constant. Then (1.1) can be written in compact form as

oD - T

5 = T={S.5.5S ... Spy..} and (4.3)
0P - T

E = f= {33781—78{17' "7S{|_717S{|_+15"'7S{N3pec} ) (44)

Nspec. - :
whereS =0, S = —p—ip o kG, andSy, = G/p.

Lets ands be the Jacobian matrices corNresBondin@ and f, respectively. In order to facilitate the
derivation of partial derivativedf; /d®; anddf;/0®; that are the elements of these matrices, it is useful
to add density to the state vector. I®tbe the extended state vector:

b= {p7P7T7Y17Y27"-7YNSpeC}T 5 (45)
Therhsterm corresponding to the time advanceiois
1 Nspec (.*)1 0)2 (*)N T
f(P) = 7537__ hk(.*-l(u_u_f"? b= ) (46)
() {Sp PCp &= p P p

. — N : N. .
with §, = —W 3, 5 G + or T P

17



Let # be the Jacobian matrix correspondingftaChain-rule differentiation leads to

of,  ofy  ofudp

of, _ ofy 7
v ov " ap av (4.7)
afy of, afudp of, oV,

Ofy _ 9fy , .
v v T apovov av (4.8)

Note that each componentof ® is also a component 6b and®, and the correspondintys terms are
the same

i, (&a) =Ty (®) = fu (D) (4.9)

In terms of actual components
T =i Hﬁml,la%’j i,j=1,2,...,Nspect2 (4.10)
Tii = Fiviejtje+ Fitie, 16‘%’] 4 f.+.S,L+3§—YLJ i,j=1,2,...,Nspect 1. (4.11)

where
. 1 i,j+1<34+L
Is, J]s =

) (4.12)
2 otherwise

Analytical expressions for ¥

Analytical for expressions for the matrix components amvgled line by line below. Note that, in the
expressions below, whenever the summation limits are edjithe sums are over &kpecSpecies.

e Line #1: Density equation Density is not currently advanced through an equationHertime
being. Sinceryj = afl are not needed, all components on the first ling cdre set to 0.

e Line #2: Pressure equation The source term for the pressure equation is assumed otifista

f, = const
M _torallj = 75 =0 (4.13)
90, I =72 '
e Line #3: Temperature equatiorn #3j = af3 wheref; = ——ZNSpe"h wx. Here
Nspec
Cp= z YiCpy (T) andoy = ax (T, X1, X2, . ., XNgpeo - (4.14)
K=1

18



Xy is the molar concentration of species

PV,

Xk = . 4.15
<= W (4.15)
The individual components ofs , are computed as

ofs 1 (ook adok)
= 3p ~ poey 2 o o0, 2 pcp o dp (4.10)
F32= 0 (4.17)

_oafz 1 acp . 1 o1 00
733= 57 = pc2 aT PRLE pcp 2 KX oy Mo (4.18)
0f3 1 : 1 00y .

i=——=—"cp. S hx—— S h——,j=12,...,N 4.19
_{]:3,3-5-] aYJ pC% ij Z KWk pCp z k 6YJ N )& s INspec ( )

o Line #(3+k), k=1..Nspeg Species equationsFor subsequent lines{3k of the Jacobian matrix :

0 0(ax/p) 1[0k Gx
F3rk1= 90 = 90 = o U ap 0 (4.20)
30
F3ik2 = ((g;/p) =0 (4.21)
0(C 10c¢
F3+k3 = ((;(r/p) = 5 a(;_)k (4.22)
0(C 1oy .
f3+k,3+j = (((;X;J/p) = B (;;T’ Jak: 1; 27 ERE) Nspec (423)

The values for heat capacities and their derivaties are atedgpased on the NASA polynomial fits
as

dc
O_'II[')k = Rk(a1k+T(232k+T (333,k+4a4,kT)))7 (4.24)

ot~ 2 YGT ay, P (4.25)

The partial derivatives of the species reaction rad®§T, X1, X2, ...), with respect to various inde-
pendend variables are computed as

a(k)k Nspecaoq( a:{l Nspech a(.k)k
Z 0X; dp aT £ W\ x| (4.26)
FIAY Nspecqin 9% A 0 awk o  p 9o
X - n O _ P 4.27
Y] oTYey 15 0X, dY;  oT 9Y;  0p 9Y] W, 0X; (4.27)
(4.28)

The steps for the calculation %5% and 53 "‘*’K are itemized below

19



— Derivatives of reaction rate
Nreac Nreac aql (JL)k Nreac aql

Wy = lev"'q': _\M(Zl Ki3— _\M(Zl kla%
— Derivatives of rate-of-progress variables
g 0Gi aRJ g 0Gi 0R;
G=CRi=or =T Xtaor ax ~ox, N oz
— Derivatives of¢;
1. Basic reactiong; = 1: 9 = ggl 0
2. 39ody-enhanced reactions = X;: 35 =0, gg = aj
3. Unimolecular/recombination fall-off reactiogs= 1_ffF',“ F
oci 1 0P n Ri oF
0T (1+P;)2 0T ' 1+PR;0T
aci 1 0P Pi OF

0XI  (1+P)20% ' 14+PR;0X

(a) Pr k0| xl o _ ké)ikmi_k()ik{m %h R k0| Qi

= T K2, 0%~ e
(b) Pri= m%m = i = kOi—k""ikz;&%m, gixrf = i &, wheredy, is Kroenecker delta
symbol.
(c) For Lindemann fornts = 1=9 aT =35 =0.

(d) For Troe form

aF aF aFcent aF 6Pr
aT aFcent aT aPr aT

OF  OF aFgg{;aFaPr OF 0P
0X|  OFcem 0% 0P 0X, 0P 0%

oF F - (ZA) A-B—BrA
- 2 - cent _3 —2
aFcent Fcent<1‘|‘ (e) > B <1+ (§)2>
oF 2A\ ApB—BpA
F |I’l Fcent(—s) r—r2
where
A OA 067 5 _ 0B _ 11762
© T OFcemt FeemdiN10'  ° OFcent  Feemin10
Ao — A 1 B 014
"~ 9P PIn10 9P PIn10

aFcent o _1— ae T . iex _l -l-*>(< ___ex -I-*>(<



(e) For SRI form

4. Chemically activ

a—F—F E+6—X@In aex b +ex T
oT  \T "op ot PUT Plc

Ly ep(-7) —gexp(—¢)

aexp(—¢) +exp(—¢)

oF =FIn ( aex b +ex ST X R
X PUT PLTc)) apax
6_X o »2log, OF
P P In10
ated bimolecular reaction$ = 7 +1Pr F

oci 1 0Ry 1 0R

oT  (1+R;)%0T 1+P; 0T

0XI (1+R)20X ' 1+Rjox

Partial derivatives oP,; andF are computed similar to the ones above.

— Derivatives ofg;

1. ki, = ATH exp(

aKJ NSpeC /]l NSpeC /]/I
i 1 S I

ag{] kf Vll I_leper jl kr V“ HNSDEC% JI
X, X X

Ea') A exp(B. InT — Ta‘) WhereTai = E,i /0. The derivative with

respect to temperature can be calculatekffas <B. Ta')

2. If reverse Arrhenius parameters are providgijs computed similar to above. K; is
computed based dit; and the equilibrium constai;, then its derivative is

I(| Tal
Kri Kt =k —k/fiKCi kfiKCf f (B'+ ) Kt; Kei
' Kei ! KCiz B Kei Kei Kej
Tai) K
(7 (7 ) Ka)
Nspec,
)Zk 1 Vki EXp<szpchk|gk> = Kc. zl':'Splecvk,gk It follows that

SinceK¢; = (M

Nspec

Z VkiOk

1

-1

T

(e 2) - 3 s

21



whereg, is computed based on NASA polynomial fits as

o (ot ) G (T ()

Efficient evaluation of the ¥ terms

e Step 1:
F31i2 =0
/
16(&} W Nreac aCJ Nreac k k;
F3+i3= paT E[JZ I]aT (KfJ KIJ>+ZVI]CI i’iflk —Krjkr
16(&} 1 06 B W Nreac aC Nreac Rfjvkj_g{!jvf(/j
F3+i3+k = paY vw(a_aek_v\_&[z ”6% (KfJ ‘J(r])—I—ZV”C] X )

k:1,2,...,N5pec

Hereﬂ(f andﬂ(r are the forward and reverse parts, respectivelyjofg s . = Ky, NS”“% i Ry =
] J j i J

kr nNspecx ]I

e Step 2: Oncers, 3. are evaluated for ak, then7s. 1 is computed as

600; (JOi ) : Nspec Y 600; 1 (JOk Nspec
4 Fra e N DA
341 (ap 5 ( Z \M<63€k 5 5 k; kF34i3+k

e Step 3:

N . .
1 "Nspec - W 000; B 1 | |
fsl—pcp |Zl h (E_%> = C—pzh|73+l,l

F3.2=0
1 1 ac NSpeC NSpeC 1 NSpeC a(q
Faz=— | =2 3 hi— Y c — i~
= pep cp aT Z ' Z piC pCp & 0T
1 1 an Nspec Nspec 1 Nspec
= h Coir| — = 3 hifay
pCo Cp oT Zl i — Zl p;j WX cp 2 i F3+i,3

Analytical expressions fors

e Line #1: Pressure equation The source term for the pressure equation is assumed otifista

f, =const
71j=0forall ] (4.29)

22



e Line #2: Temperature equation:

op
J21—732+731

4,
oP (4.30)
0
J22—733+7316$ (4.31)
0
J221k = Fazik+ 73, 16\? (4.32)
o Line #i=3,..,Nspect2: Species equations
J.1—7|+12+7|+116P (4.33)
0
Ji2= Fir13+ Fira, 1a$ (4.34)
_ 0
Jiork = Fit13+k T+ Ti+1,1a—i, k=1,2,...,Nspec (4.35)

For this case density is a dependent variable, calculatsetban the ideal gas equation of state:

P
= ooy (4.36)
OT 52w
The partial derivaties of density with respect to the inchejent variables are computed as
o_p O _ p Op_ pW (4.37)

oP P oT T Y Wi

Analytical expressions for7

e Line #1: Pressure equation The source term for the pressure equation is assumed otrfista

fo = const N
71, =0forall j (4.38)
e Line #2: Temperature equatiort
- op oYL
721 =Fs2+ Fa135 + FaL+3 55 (4.39)
p oYL
— 4.4
922 =T33+ FaigT T FaL3ar (4.40)
ap aYL
J220k =F33 1k + 73, v, + 73, L35y (4.41)
k:1,...,L—1,L+1,...,Nspec (442)
where
k k<3+L
ke = <ot (4.43)
k+1 otherwise
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e Line #i=3,..,Nspect1: Species equations

6p oYL

Ji1=Fitrie2+ Firiel 15p + FitigL+3 5= P (4.44)
Ji2 =Fitiea+ Firiel g.? + T.+|S,|_+3?.T.' (4.45)
Ei,z+k =Fitis3+ks T Fitis,1 §$ + 7I+IS7L+33\; (4.46)
k=1,...,L—1L+1,...,Nspec (4.47)

whereks is defined above and
(4.48)

1 i+1<3+L
*7 ]2 otherwise

For this case, density and mass fraction of spelciae dependent variables, calculated as

P

o (e s (k)
Nspec

Y =1— Z Yi

k;«éL

p:

The partial derivaties of density aivgd with respect to the independent variables are computed as

oo p Op P ap:_v_v<1 1)

oP P oT T oY% We W
oM _ oM, M,
oP T M
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Chapter 5

Examples

This section presents example C, C++, and Fortran 77 examgés ¢bat use some of the functionali-
ties provided by TChem. The C and C++ examples requires the C\\OBR&Try [2]. The Fortran example
requires DVODE library [1]. All these examples numerically integrate a @jpition model (1.1) for a
range of parameters that control the initial fuel-oxidimexture, temperature, and pressure.

ign-c

The main function of the C code is contained ign.c. The main function defines the parameters,
then proceeds to set up the simulation: parameter setige{up.¢, TChem initialization, CVODE setup
initcvode.c The time advancement of the sytem of ODE’s (1.1) is implemeimdolgn.c The function
contained indolgnReinit.ds a more compact version of dolgn.c (limited output) ancsa&dvantage of
the re-initialization option of CVODE to perform a series ohé integrations while the kinetic model
parameters are modified. An output function is providedutput.c Functions providing thehs and the
Jacobian matrix corresponding to (1.1) are implementetsjac.c

Select sections of the the various components of the C cedaescribed below.

ign.c

e FunctionTC.initChemis used to initalize TChem, while functiorC_setThermoPresends the ther-
modynamic pressure to the library.

TC.initChem ( mechfile, thermofile , (int) withTab, 0.2)
pressurex= pfac
TC_setThermoPres(pressure)

The parameters used in these functions are described bebk®tup.c

e FunctionTC getSposeturns the position in of a species in the list of specied lBaTChem from
the kinetic model file.

for (i =0 ; i < specinno ; i++)

{

Ihttps://conputation.|lnl.gov/casc/sundials
https://conputation.|lnl.gov/casc/software. htn
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int ispec

TCgetSpos (\&SpecName [ kLENGTHOFSPECNAME] ,

strien (\&SpecName[ kLENGTHOFSPECNAME]) )

scal[ispec+1l] = SpecMsFrJ[i]

}

e The ignition code expects mole fractions for the speciesahter the fresh mixture. It the converts

these values to mass fractions using getMI2Ms

/+ convert mole to mass fractions/

double xmsfr

e Before the end of the execution the main function G&lresetto clear all internal TChem arrays.

setup.c

The function contained in this filesetup initializes parameters with default values, the readmfeo

(double %) malloc (Nspecx sizeof(double))
TC_getMI2Ms ( \&(scal[1]), Nspec,
for (i =1 ;

i < Nspec+1 ;

msfr )

i++) scal[i] = msfr[i-1];

setup file custom values for the paramters the user wantsatageh

Below, NiterMax is the maximum number of time stepsreqis the frequency of solution output to
disk, Tini is the initial mixture temperaturdempid is the temperature threshold for the ignition delay
time, deltatis the initial time step size in secondigltatMaxis the maximum time step size in seconds,
tEndis the end time for the time advancemedd|taTemps the maximum allowed temperature change per
time step. The thermodynamic pressure is given by the ptquitacx 1.01325x 10°Pa. CVreltandCVs-
mall are tolerances for the CVODE library. The kinetic model fileweas stored imechfileand the name
of the file with the NASA polynomials for the thermodynamioperties is stored ithermofile withTab
is a flag that specifies whether TChem should use interpoltttdas to compute various properties, while

getlgnDelis a flag allows the user to stop the integration once theigntake place.

. k& Pressure scale factor

frequency
temperature

k Threshold temperature for

iterations x/

*/
[K] =/
ignition delay [K] %/

time step size [s] x/

integration time
;4 Maximum temperature change per time step [K}k/

«NiterMax = 100000 ; k& Maximum no. of
x0Freq = 10 ; &k Output

x*Tini = 1000.0 Kk Initial
«Temp.id = 1500.0 ;

xdeltat = 1l.e10 i I+ Initial
xdeltatMax = l1l.e4 3

*tEnd = 2.0e0 ; # End
xdeltaTemp = 1.0 ;

xpressure = 1.01325e5 ;x/ Pressure [Pa]x/
xpfac = 1.0

*CVrelt = 1.e-12 ;

x*CVsmall = 1.e20 ;

x*CVmaxord =5 ;

x*CVmaxnumsteps = 10000

strcpy (mechfile

«wWithTab = 0 ;
xgetlgnDel =

,“chem.inp” )
strcpy (thermofile ,”therm.dat")

/< no tabulation
0 ;& no

x/

ignition delay stop x/
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Ignition delay time [s]

rhsjac.c

0.1

0.01 |

0.001
0

Sample results

Ignition delay time [s]

\\ 0.0001 F

16 atm
20 atm
45 atm

0.1 F

0.001 |

: : : : : : 16205 : : : : : : :
0.5 1 L5 2 2.5 3 07 08 09 1 11 12 13 14
¢ 1000/T

Figure 5.1. Left Frame: variation of the ignition delay times
with the equivalence ratioX{) for iso-octane/air mixtures at vari-
ous pressures and initial temperature of 1000K. Right Frame: Vari-
ation of ignition delay time with initial temperature for a stoichio-
metric iso-octane/mixtures at various pressures. The kinetic model
involves 874 species and 3796 reactions [5]

The algorithms areolgn.c, dolgnReinit.candoutput.care straigthforward.
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The functions that computdis source terms and Jacobian matrices can be used for botly$tdinss
(temperature and all species) or restricted systems (teype + all species - one species). In the later
case, the mass fraction of the negelected species is sefitteanass conservation. The user should specify
at compile time “-DALLSPEC?” for the former case. If this flagneglected, the code will compiled for
restricted systems.

Sample simulations are providedemample/ign-c/runThese simulations can be replicated using the
bash scripts located in the corresponding directoriessétipt files have the extensior These scripts
can also be used to generate the ignition delay time resultisd-Octane and Primary Reference Fuel
(PRF) mixtures shown in Figs. 5.1 and 5.2, respectively.



T T T T 0.1 T
15 atm, ON 100 —+— 15 atm
15 atm, ON 80 —x— 30 atm
15 atm, ON 60 —»— 45 atm
45 atm, ON 100 —8—
45 atm, ON 80 —=—
45 atm, ON 60 —e—

0.1F

0.01

0.01 |

0.001

0.001 |

Ignition delay time [s]
Ignition delay time [s]

0.0001 g
0.0001 |

le-05
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Figure 5.2. Left Frame: Variation of the ignition delay times with
the initial mixture temperature for 100 ON, 80 ON and 60 ON at 15
atm and 45 atm. Right Frame: Variation of ignition delay time for
50 ON at 15 atm, 30 atm, and 45 atm. The kinetic model involves
1034 species and 4236 reactions [4, 3]

ign-cpp

This C++ example code is locatedemample/ign-cpp/stcSample simulation data and scripts using a
methane kinetic model (53 species, 325 reactions) [7] asd-@c¢tane kinetic model (871 species, 3792
reactions) [5] are located example/ign-c/runSubsequent directories’ names are self-explanatory.

Themainfunction of the C++ code is containedign.cpp The main function handles the setup of the
simulation, initialization of TChem, then transfers the wohto the Stiffintegclass. TheStiffintegclass
implements functions for the right hand sidtg) and Jacobian matrix corresponding to the system of
ordinarry differential equations 1.1. It handles the saiti€VODE and controls the time integration of
1.1. Select code sections are described below:

ign.cpp

e Setup parameters. BeloNjterMaxis the maximum number of time steps;reqis the frequency
of solution output to diskTini is the initial mixture temperatureleltatis the initial time step size
in secondsdeltatMaxis the maximum time step size in secontisdis the end time for the time
advancementeltaTemps the maximum allowed temperature change per time stepthEnmody-
namic pressure is given by the prodpdtacx 1.01325x 10°Pa. CVreltandCVsmallare tolerances
for the CVODE library. The kinetic model file name is storednechfileand the name of the file
with the NASA polynomials for the thermodynamic propertigstored inthermofile withTabis a
flag that specifies whether TChem should use interpolatidegab compute various properties.

/+ Set default valuesx/
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NiterMax = 20000 ;
=1 .

oFreq 00 ;

Tini = 1000.0 ;ok [K] O x/
deltat = 1.e9 ;o Ik [s]
deltatMax = 1.e6 ;o Ix [s] %/
tEnd = 0.1e0 ;o [s]  x/
deltaTemp = 10.0 oA [K] o«
pfac = 1.0 ok [ ] =/
CVrelt = 1l.e-12 ;

CVsmall = 1.e-20 ;

strcpy (mechfile ,’chem.inp” ) ;

strcpy (thermofile ,”therm.dat”) ;
withTab = false ; & no tabulation by defaultx/

The default values of these parameters can be changed thtibegetup file. In addition to these
parameters the setup files should contain mole fractionth®mitial fuel-oxidizer mixture. Each
species mole fractions should be provided on separate Btesing with the keywordpedfollowed
by the species name, and the mole fraction value. Examplep ks, “input.setup” are provided
for each example.

e FunctionTC.initChemis used to initalize TChem, while functiorC_setThermoPresends the ther-
modynamic pressure to the library.

TC_initChem ( mechfile, thermofile, (int) withTab, 0.2) ;
pressurex= pfac ;
TC_setThermoPres(pressure) ;

e The constructor for thé&tiffinteg class requires a pointer to the initial condition arsoal the
number of speciellspe¢ and the maximum temperature change per time step.

StiffInteg intgcvode( scal, Nspec, deltaTemp ) ;

e Thecomputefunction of Stiffinteghandles the time advancement of the system of ordinaryrdiffe
ential equations (1.1).

intgcvode .compute( tEnd, &deltat, deltatMax, NiterMax Freq )

Stiffinteg.cpp

e Function Stiffinteg::chemrhshandles the computation of thras source terms through a call to
TChem.Stiffinteg::chemrhsan handle chemical systems that include all spe€®¥, ..., Y.,

or aIternativer(T,Yl,...,YNSperl). In the later case, the mass fraction of the last speciesnis co

Nspec—

puted asinge.=1— Y, 01 1Yk. Below, tempNmsfis the pointer to the array holding the tempera-
ture and species mass fractions, anslvalsis the pointer to the array that stores the rhs values.

TC_getSrc ( tempNmsfr, Nspeel, rhsvals ) ;

e FunctionStiffinteg::chemjacandles the computation of the Jacobian matrix . Similasti€fin-
teg::chemrhs this function can provide matrices for both types of chehgystems mentioned
above, by appropriate calls to the TChem library. BelempNmsfris the pointer to the array
holding the temperature and species mass fractjaosnpis the pointer to the array that stores the
Jacobian matrix, andseJacAnis a flag which indicates whether or not to use analyticalesgions
for the Jacobian matrix terms (default is analytical).
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Figure 5.3. Mass fraction profiles during the constant pressure
ignition of a stoichimetric methane-air mixture at 1atm. Methane
combustion is modeled using the GRI-Mech v3.0 kinetic model
(53 species, 325 reactions) [7].

TC_getJacTYN ( tempNmsfr, Nspec¢ jactmp, (unsigned int) useJdacAnl ) ;
TC_getJacTYNm1l ( tempNmsfr, Nspe¢ jactmp, (unsigned int) useJacAnl )

Stiffinteg::computeutputs data to several files during the time advancemengritol.datcontains
on each row the time [s], time step [s], temperature [K], apdcges mass fractions, (}k.out
contains the time [s], temperature [K], and species massidras, (3)cs.outcontains the time [s],
temperature [K], and species molar concentrations [kmi})/and (4)h.outcontains the time [s]
and mixture specific enthalpy [J/kg].

Sample results

Sample simulations are provided éxample/ign-cpp/runThese simulations can be replicated using

the bash scripts located in the corresponding directorfdsscript files have the extensiox. These
scripts can also be used to generate the graphs shown in.8ig. 5

ign-f

The Fortran 77 example code is locate@xample/ign-f/srcSample simulation data and scripts using

a methane kinetic model (53 species, 325 reactions) and stepenodel are located @xample/ign-f/run
Subsequent directories’ names are self-explanatory.

Most of the Fortran code is containedign.f. The variable names are similar to the ones described
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above forign-c. The subroutines that connect to TChem for the calculatiothefrhs values and the
Jacobian matrices are locatedisjac.f

Note that in the subroutines calls that originate in the faortcode, all parameters are passed by
reference. In the TChem C-library, most functions contairapeaters passed by reference as well as
passed by value. In order to facilitate the inter-languagks,can additional interface is placed between
the Fortran code and the TChem. The functions in this interfave all parameters passed by reference
and forward the calls to the corresponding main C-interfaite select parameters passed by value.

The sample Fortran code below, extracted figmf, is used to illustrate the above methodology. Here,
tcgetarhenfoiis used to extract the value of the activation energy fortrea& O from TChem. The value
is modified, then it is sent back usitgchgarhenfor

reacid = 0

posid = 2
ierr = tcgetarhenfor(reacid ,posid, acten)

acten = acterl1.4d0
ierr = tcchgarhenfor(reacid , posid, acten)

The definition fortcgetarhenfoyextracted from filer C_for.c is self explanatory:

int tcgetarhenfor( int xireac, int xipos, double=xval )

{
int ans = 0 ;
ans = TCgetArhenFor(xireac , xipos, val )
return ( ans );

}

The interface functions that facilitate the calls betweamtian codes and TChem are located in
TC for.c.
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Chapter 6

Library Functions

TC_chg.c

1. int TC_chgArhenFor(int ireac intipes, doublenewva)
Change parameters for forward rate constants.
e ireac- reaction index.

e ipos - index of parameter to be changed (0) pre-exponential fgdjotemperature exponent,
(2) activation energy

e newval- new parameter value
2. int TC_chgArhenForBack(int ireae intipos)
Reverse changes for forward rate constants’ parameters
® ieac- reaction index.
e ipos - index of parameter to be changed (0) pre-exponential fgdjotemperature exponent,

(2) activation energy

3. int TC_chgArhenReMint ireaq intipos, doublenewva)
Change parameters for forward rate constants.
® I eac- reaction index.

e ipos - index of parameter to be changed (0) pre-exponential fddjotemperature exponent,
(2) activation energy

e newval- new parameter value

4. int TC_chgArhenRevBacKint ireao intipog)
Reverse changes for forward rate constants’ parameters

® ireac- reaction index.

e ipos - index of parameter to be changed (0) pre-exponential fddjotemperature exponent,
(2) activation energy
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TC edit.c

1. int TC _rese()

Frees all memory and sets variables to 0 so TatnitChemcan be called again without a memory

leak. Not designed for use with tables.

TC .nit.c

1. int TC_initChem(char *mechfilechar thermofile int tab, doubledelT)
Initializes the library:
e mechfile- file containing the kinetic model ( in chemkin format )
thermofile- file containing the coefficients for NASA polynomials.
tab- flag: 0-use direct evaluations to compute various progerii-use interpolation tables

e delT - temperature step size for the interpolation tables; nedl uistab=0

2. void TC _setRefValdoublerhoyes, doublepyes, doubleTe, doubleW,et, doubleDayes, doubleomgey,
doublecpref, doublehes, doubletimygs)
Send reference values to the library:

¢ these are the densityh0Oref), pressurefes), temperatureles), molecular weight\Wter), Damkohler

number Das), reaction ratedmges), specific heat at constant pressucg4s), specific en-
thalpy (ef), time ¢imrey).

3. void TC _setNonDim()
Set’s the library to use non-dimensional input and functid@an be called only aftdiC _setRefVal
was called.

4. void TC _setDim()
Set’s the library to use dimensional input and functions.

5. void TC _setThermoPregdoublepressurg
Sends the thermodynamic pressure to the library.

e pressure- dimensiona/non-dimensional thermodynamic pressure.difoensional cases, Sl
units are usefN /m?|

TC _mims.c

1. int TCDND _getMs2Cddouble *scal,int Nyars,double ftoncX)
Computes molar concentratioftss based on temperatuiieand species mass fractions.

%k:Yk~\A%<
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If the non-dimensional flag is ON (usinbC_setNonDiny this function expects non-dimensional
input and will provide non-dimensional output.

e scal- pointer to an array Ospect+ 1 doubles(T,Y1,Y2,...,Yn), temperaturd [K], mass frac-
tionsY [].

® Nyars- No. of variables= Nspec+ 1

e concX- array of doubles containing species molar concentratidagkmol/mq]

2. int TC_getMs2Cddouble *scal,int Ny double TtoncX)
Computes molar concentratiof$s based on temperatufieand species mass fractiovis.

P
%k = Yk - —_
W
e scal- pointer to an array ospec+ 1 doubles(T,Y1,Y2,...,Yn), temperaturd [K], mass frac-

tionsY [].
e Nyars- No. of variables= Nspec+ 1
e concX- array of doubles containing species molar concentrafkms|/m?]

3. int TCDND _getMI2Ms(double *Xspecint Nspegdouble * speg
Transforms mole fraction¥’s to mass fraction¥’s (same as T@etMI2Ms()).

Yi = X - Wk /W
e Xspec array ofNspecmole fractionsX [].

® Nspec- NO. of species
e Y spec array ofNspecmole fractionsy [].

4. int TC_getMI2Ms(double *Xspegint Nspegdouble *Y speg
Transforms mole fraction®’s to mass fraction¥’s.

Yie = X - W /W
e Xspec array ofNspecmole fractionsX [].

e Nspec- NO. of species
e Yspec array ofNspecmole fractionsy [].

5. int TCDND _getMs2Ml(double * spednt Nspegdouble *Xspeg
Transforms mass fractionss to mole fractionsX’s (same as T@etMs2MiI()).

X = Yie- W /W

e Yspec array ofNspecmole fractionsy [].
® Nspec- NO. of species
e Xspec array ofNspecmole fractionsX [].
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6. int TC_getMs2Ml(double *Y spegnt Nspecdouble *Xspe¢
Transforms mass fractior¥ss to mole fractionsX’s.

Xie = Yie- W /W

e Y spec array ofNspecmole fractionsy [].
® Nspec- NO. of species
o Xspec array ofNspecmole fractionsX [].
7. int TCDND _getMs2Wmix(double * spegnt Nspegdouble AW mix)
Computes mixture molecular weight based on species mass fractidis If the non-dimensional

flag is ON (usingTC_setNonDim this function expects non-dimensional input and will pdev
non-dimensional output.

o Nspec -1
W= ( > Yk/\M<>
K=1
e Y spec array ofNspecmole fractionsy [].
® Nspec- NO. of species
e W mix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

8. int TC_getMs2Wmix(double * spednt Nspegdouble "W mix)
Computes mixture molecular weight based on species mass fractidis

Nspec -1
W = ( > Yk/V\&>
k=1
e Y spec array ofNspecmole fractionsy [].

® Nspec- NO. of species

e W mix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

9. int TCDND _getMI2Wmix (double *Xspecint Nspegdouble W mix)
Computes mixture molecular weight based on species mole fractiok's. If the non-dimensional
flag is ON (usingTC_setNonDin) this function expects non-dimensional input and will pdsv

non-dimensional output.
1 Nspec

S X

VVref K=1

W=

e Xspec array ofNspecmole fractionsx [].
e Nspec- NO. of species

e Wmix- pointer to mixture molecular weight [kg/kmol]=[g/mol].
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10. int TC _getMI2Wmix (double *Xspecint Nspegdouble W mix)
Computes mixture molecular weight based on species mole fractiod's.

W=5 XMW
k=1
e Xspec array ofNspecmole fractionsX [].
® Nspec- NO. of species

e W mix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

TC.rr.c

1. int TC _getNreaq)
Returns number of reactioMbeac

2. int TC_getStoiCoefint Nspeg int Nreag double *stoicoef)
Returns stoichiometric coefficients’ matrix. The stoich&int coefficient for speciegin reaction
I is stored at position- Nspec+ j. It assumes thadtoicoefwas dimentioned to at leakeacx Nspec
® Nspec- NO. of species
e Nieac- NO. of reactions
e stoicoef - pointer to an array of doubles with the stoichitmeoefficients.
3. int TC_getStoiCoefRea@int Nspeo INt Nreag iNtireas int idx, double *stoicoef)
Returns stoichiometric coefficients’ array for reactiggcfor either reactantadx = 0) or products
(idx = 1). The stoichiometric coefficient for speci¢sn reactionireacis stored at positiorj. It
assumes thatoicoefwas dimentioned to at lealkpec
e Nspec- NO. of species
e Nieac- NO. of reactions
® ireac- reaction index
e idx - O-reactants, 1-products
e stoicoef - pointer to an array of doubles with the stoichiomeoefficients.
4. int TC_getArhenFor(int ireac iNt ipos, double *val)
Return current value of the Arrhenius parameters for forwatd constants. Return -1 if no data
available, otherwise return O and store valugah
® ireac- reaction index.

e ipos - index of Arrhenius parameter (0) pre-exponential facigrt€émperature exponent, (2)
activation energy

e val - pointer to the value of Arrhenius parameter.
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5. int TC_getArhenRe\(int ireac iNt ipos, double *val)
Return current value of Arrhenius parameters for revergeganstants. Return -1 if no data avail-
able, otherwise return 0 and store valueah
® ireac- reaction index.

e ipos - index of Arrhenius parameter (0) pre-exponential facigrt€mperature exponent, (2)
activation energy

e val - pointer to the value of Arrhenius parameter
6. int TCDND _getTY2RRml(double *scal, int Nyas, double 'omega
Returns molar reaction rate&y, based on temperatufe and mass fraction¥’s. If the non-

dimensional flag is ON (usin@C_setNonDin this function expects non-dimensional input and
will provide non-dimensional output.

e scal- pointer to an array ospec+ 1 doublegT,Y1,Y>,...,Yn), temperaturd [K], mass frac-
tionsY [].

® Nyars- no. of variables= Nspec+ 1

e omega array ofNspecmolar reaction rates [kmol/(Frs)]

7. int TC_getTY2RRmI(double *scal, int Nyars, double 'omega
Returns molar reaction ratas,, based o andY’s.

e scal- pointer to an array Ospect+ 1 doubles(T,Y1,Y2,...,Yn), temperaturd [K], mass frac-
tionsY [].
e Nyars- no. of variables= Nspec+ 1
e omega array ofNspecmolar reaction ratesy [kmol/(m3-s)].
8. int TCDND _getTY2RRmgdouble *scal, int Nyars, double 'omega
Returns mass reaction rates based on temperdtaed species mass fractiol$. If the non-

dimensional flag is ON (usingC_setNonDin this function expects non-dimensional input and will
provide non-dimensional output.

e scal- pointer to an array olspec+ 1 doublegT,Y1,Y>,...,Yn), temperaturd [K], mass frac-
tionsY [].

® Nyars- no. of variables= Nspec+ 1

e omega array ofNspecmass reaction rates [kg/Brs)]

9. int TC_getTY2RRmgdouble *scal, int Ny5rs, double 'omega
Returns mass reaction rates based on temperatarel species mass fractiovis.

e scal- pointer to an array ospec+ 1 doublegT,Y1,Y>,...,Yn), temperaturd [K], mass frac-
tionsY [].

® Nyars- no. of variables= Nspec+ 1
e omega- array ofNspecmass reaction rates [kg/@rs)].
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10. int TCDND _getTXC2RRml(double *scal, int Nyars, double 'omega

11.

12.

13.

14.

Returns molar reaction rates based on temperatuaed molar concentration¥’s. If the non-
dimensional flag is ON (usin§C_setNonDim this function expects non-dimensional input and will
provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T, X1, X2, ...,Xn), temperaturdl [K], molar
concentrationg [kmol/m?3].

® Nyars- No. of variables= Nspec+ 1

e omega array ofNspecmolar reaction rates [kmol/(Frs)].

int TC_getTXC2RRml(double *scal, int Nyars, double 'omega
Returns molar reaction rates based on temperdtumed molar concentratiorn¥’s.

e scal- pointer to an array oNspect+ 1 doubles(T,X1,X»,...,Xn), temperaturd [K], molar
concentrationg [kmol/m?3].
® Nyars- no. of variables= Nspec+ 1
e omega array ofNspecmolar reaction rates [kmol/(Frs)].
int TCDND _getTXC2RRmgdouble *scal, int Nyars, double 'omega
Returns non-dimensional mass reaction rates based on tatu@dr and molar concentratiorn$’s.

If the non-dimensional flag is ON (usinbC_setNonDiny this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T, X1, X, ..., XN), temperaturel [K], molar
concentrationg [kmol/m?3].

® Nyars- No. of variables= Ngpec+ 1

e omega array ofNspecmass reaction rates [kg/Brs)].

int TC_getTXC2RRm9gdouble *scal, int Nyars, double 'omega
Returns mass reaction rates based on temperatarel molar concentratiorn$'s.

e scal - pointer to an array oNspec+ 1 doubles(T, X1, X, ..., Xn), temperaturel [K], molar
concentrationg [kmol/m?3].

® Nyars- No. of variables= Nspec+ 1

e omega array ofNspecmass reaction rates [kg/Ers)].

int TC_getRopgdouble *scal, int Ny4rs, double *datarop)
Returns rate-of-progress variables based on temperatanel species mass fractions.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].
® Nyars- no. of variables= Nspec+ 1

e datarop - array oNeacrate-of-progress variables [kmol/¢s)].
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15. int TC _getRfRb(double *scal, int Nyars, double *dataRfrb)
Returns rate-of-progress variables based on temperatangl species mass fractions.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].
® Nyars- No. of variables= Ngpec+ 1

e dataRfrb - array oN,eacforward rate-of-progress variables aNgac reverse rate-of-progress
variables [kmol/(m-s)].

TC_spec.c

User functions:

1. int TC _getNspec)
Returns number of species.

2. int TC_getNelem)
RReturns number of elements.

3. int TC_getNvary)
Returns number of variables, currently no. of species pleas on

4. int TC_getSnamegint NspesChar *sname}p
Returns species names.
¢ Nspec- NO. of species, needs to match the library’s internal value

e snames array of charecters, the allocation needs to be at Mgas¢ LENGTHOFSPECNAME.
Currently LENGTHOFSPECNAME is set to 32. Name of spediesarts at position x
LENGTHOFSPECNAMIE the array.

5. int TC _getSnamelLerf)
Returns length of species names.

6. int TC_getSpogconst char $nameconst intslen
Returns index of speciesmame

e sname name of species.
e slen- length of species name

7. int TC_getSmasgint Nspegdouble Wi)
Returns molar masses for all species.

e Nspec- NO. of species, needs to match the library’s internal value

e Wi - pointer to an array with molecular masgkg/kmol| for all species. The allocation size
should be at lead¥spe,
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TC _src.c

1. int TCDND _getSrddouble *scal,int Nyarsdouble 'omega
Returns the source term for
oT oYy
o Mg W
based on temperatuie and species mass fractiol$. If the non-dimensional flag is ON (us-
ing TC_setNonDin this function expects non-dimensional input and will pda/non-dimensional
output.

e scal - pointer to an pointer to an array dkpec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturél
[K], species mass fractions(].

® Nyars- No. of variables= Nspec+ 1

e omega pointer to an array of doubles with the source terms for enafpre and species mass
fractions equationsomegd0] : [K/s], omeg#l... Nsped : [1/5]

2. int TC_getSrqdouble *scal,int Nyars,double 'omega
Returns the source term for
oT o
at - (*b: at - (*)i7
based on temperatuieand species mass fraction’s.

e scal - pointer to an pointer to an dflspec+ 1 doubles(T,Y1,Ys,...,Yn), temperaturel [K],
species mass fractionys[].

e Nyars- no. of variables= Nspec+ 1

e omega pointer to an array of doubles with the source terms for enafpire and species mass
fractions equationsomegd0] : [K/s], omegdl... Nsped : [1/5]

3. int TCDND _getSrcCongdouble *scal,int Nygrs,double 'omega
Returns the source term for
op aY;
o~ Py
based on densitp and species mass fractioi¥ss. If the non-dimensional flag is ON (using
TC_setNonDim this function expects non-dimensional input and will pde/non-dimensional out-
put.

= W,

e scal- pointer to an array dflspect 1 doublegp, Y1, Y>, ..., Yn), densityp [kg/mq], species mass
fractionsyY [].

® Nyars- No. of variables= Ngpec+ 1

e omega: pointer to an array of doubles with the source terms for idg@d species mass
fractions equationsomegd0] : [kg/(m3-s)], omegdl... Nsped : [kg/(m3-s)]
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4. int TC _getSrcCongdouble *scal,int Nyars,double 'omega

Returns source term for
op aY;

based on density and species mass fraction’s.

= w,

e scal- pointer to an array dilspect 1 doublegp, Y1, Y>,...,Yn), densityp [kg/m3], species mass
fractionsyY [].

® Nyars- no. of variables= Nspec+ 1

e omega pointer to an array with the source terms for density andigganass fractions equa-
tions: omeg40] : [kg/(m3-s)], omegdL... Nsped : [kg/(m3-s)]

5. int TCDND _getJacTYNmI(double *scal, int Nspes double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémYi,Ys,...,Yn_1) based on temperatufieand species
mass fraction¥’s using either analytical expressions of numerical déixres. If the non-dimensional
flag is ON (usingl' C_setNonDinthis function expects non-dimensional input and will pdamnon-
dimensional output.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥ [].

® Nspec- NO. of specieNspec

e jac - pointer to array of doubles with the Jacobian mairiXElementJ;; is stored atjac]j =
Nspec—|— |]
e uselJacAnl - flag for Jacobian type (1-analytical,othereslonumerical)

6. int TC_getJacTYNmI(double *scal, int Nspeg double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémYi, Yo, ..., Yn—1) based on temperatufieand species
mass fraction¥’s using either analytical expressions of numerical dékes.

e scal - pointer to an pointer to an array dkpec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel
[K], species mass fractions].

® Nspec- NO. of speciedspec

e jac - pointer to array of doubles with the Jacobian maitiXElementJ;; is stored atjac]j =
Nspecti].

e useJacAnl - flag for Jacobian type (1-analytical,otheresdoumerical)

7. int TCDND _getJacTYNmlan(double *scal, int Nspes double *jac)
Computes Jacobian matrix for the systémYi,Ys,...,Yn_1) based on temperatufieand species
mass fraction¥’s using either analytical expressions. If the non-dimenai flag is ON (using
TC_setNonDimthis function expects non-dimensional input and will pdevnon-dimensional out-
put.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥ [].
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® Nspec- NO. of speciedspec

e jac - pointer to array of doubles with the Jacobian mairixElementJ;; is stored atjac]j =
Nspec—|— |]

8. int TC_getJacTYNmZlan{(double *scal, int Nspes double *jac)
Computes Jacobian matrix for the systémYi,Ys,...,Yn_1) based on temperatufieand species
mass fraction¥’s using either analytical expressions.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nspec- NO. of speciedNspec

e jac - pointer to array of doubles with the Jacobian maitixElementJ;; is stored atjac]j =
Nspec+ |]

9. int TCDND _getJacTYN(double *scal, int Nspeo double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémY,Y,,...,Yn) based on temperatufe and species
mass fraction¥’s using either analytical expressions of numerical déixres. If the non-dimensional
flag is ON (usingl' C_setNonDinpthis function expects non-dimensional input and will pdamnon-
dimensional output.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nspec- NO. of specieNspec

e jac - pointer to array of doubles with the Jacobian maitixElementJ;; is stored atjac]j =
(Nspec+ 1) +il.

e useJacAnl - flag for Jacobian type (1-analytical,otheresdoumerical)

10. int TC_getJacTYN(double *scal, int Nspee double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémYi,Y,,...,Yn) based on temperatuie and species
mass fraction¥’s using either analytical expressions of numerical déikes.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nspec- NO. of speciedNspec

e jac - pointer to array of doubles with the Jacobian maitiXElementJ;; is stored atjac]j =
(Nspec+ 1) + I]

e useJacAnl - flag for Jacobian type (1-analytical,otheresdoumerical)

11. int TCDND _getJacTYNanl(double *scal, int Nspes double *jac)
Computes Jacobian matrix for the systémYi,Y,,...,Yn) based on temperatuie and species
mass fraction¥’’s using either analytical expressions. If the non-dimenal flag is ON (using
TC_setNonDinp this function expects non-dimensional input and will pdg/non-dimensional out-
put.
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12.

13.

14.

15.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nspec- NO. of speciedspec
e jac - pointer to array of doubles with the Jacobian maitiXElementJ;; is stored atjac]j =
(Nspect+ 1) +1].

int TC_getJacTYNanl(double *scal, int Nspee double *jac)
Computes Jacobian matrix for the systémYi,Ys,...,Yn) based on temperature and species
mass fraction¥’s using either analytical expressions.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nspec- NO. of speciedspec
e jac - pointer to array of doubles with the Jacobian maitiXElementJ;; is stored atjac]j =
(Nspec+ 1) + I]

int TC_getJacRPTYN(double *scal, int Nspee double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systgmP, T, Y1, Y2, ..., Yn) based on temperatufeand species
mass fraction¥’s using either analytical expressions of numerical dékes.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nspec- NO. of speciedspec

e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored atjac]j *
(Nspec+ 3) +i.

e useJacAnl : flag for Jacobian type (1-analytical,other@sinumerical).

int TC_getJacRPTYNan(double *scal, int Nspes double *jac)
Computes the Jacobian matrix for the syst@nP, T,Y1,Y>,...,Yn) based on temperatuie and
species mass fractioiYss using analytical expressions.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Ys,...,Yn), temperaturel’ [K], species
mass fraction¥’ [].

® Nspec- NO. of speciedNspec

e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored atjac]j *
(Nspect3) +1].

int TC_getJacRPTYNnum(double *scal, int Nspes double *jac)
Computes the Jacobian matrix for the syst@nP, T,Y1,Y>,...,Yn) based on temperatuie and
species mass fractiol¥ss using numerical derivatives.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nspec- NO. of specieNspec

e jac - pointer to array of doubles with the Jacobian mairixElementJ;; is stored atjac]j =
(Nspect 3) +1].
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TC _thermo.c

1. int TCDND _getRhoMixMs(double *scal,int Nyars, double *rhomix)
Computes density based on temperaluend species mass fraction’s using the equation of state.
If the non-dimensional flag is ON (usinBC_setNonDin this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥ [].

e Nyars- no. of variables= Nspec+ 1

e rhomix - pointer to mixture density [kg/#h

2. int TC_getRhoMixMs(double *scal,int Nyars,double *rhomix)
Computes density based on temperaiuend species mass fractiori's using the equation of state.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].
® Nyars- no. of variables= Nspec+ 1
e rhomix - pointer to mixture density [kg/fh
3. int TCDND _getRhoMixMI (double *scal,int Nyars, double *rhomix)
Computes density based on temperaiusad species mole fractio¥ss using the equation of state.

If the non-dimensional flag is ON (usinbC_setNonDiny this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspect+ 1 doubles(T, X1, X, ..., Xn), temperaturdl’ [K], species
mole fractionsX [].

e Nyars- no. of variables= Nspec+ 1

e rhomix - pointer to mixture density [kg/#h

4. int TC_getRhoMixMI (double *scal,int Nyars,double *rhomix)
Computes density based on temperaiusand species mole fractio¥ss using the equation of state.

e scal - pointer to an array oNspect+ 1 doubles(T, X1, X, ..., Xn), temperaturdl’ [K], species
mole fractionsX [].
® Nyars- no. of variables= Nspec+ 1
e rhomix - pointer to mixture density [kg/#h
5. int TCDND _getTMixMs (double *scal,int Nyarsdouble *Tmix)
Computes temperature based on densdynd species mass fractiori's using the equation of state.

If the non-dimensional flag is ON (usinbC_setNonDiny this function expects non-dimensional
input and will provide non-dimensional output.

e scal- pointer to an array dflspect 1 doublegp, Y1, Yo, ..., Yn), densityp [kg/m3], species mass
fractionsyY [].
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6.

10.

® Nyars- No. of variables= Nspec+ 1
e Tmix - pointer to temperature [K]

int TC _getTMixMs (double *scal,int Nyars, double *Tmix)
Computes temperature based on dersiyd species mass fraction’s using the equation of state.

e scal- pointer to an array dflspect 1 doublegp, Y1, Yo, ..., Yn), densityp [kg/m3], species mass
fractionsy [].

® Nyars- No. of variables= Nspec+ 1

e Tmix - pointer to temperature [K]

. int TCDND _getTMixMI (double *scal,int Nyars,double *Tmix)

Computes temperature based on dersand species mole fractioiSs using the equation of state.
If the non-dimensional flag is ON (usinBC_setNonDin this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(p, X1, Xp,...,Xn), densityp [kg/mq], species
mole fractionsX [].

® Nyars- no. of variables= Nspec+ 1

e Tmix - pointer to temperature [K]

. Int TC _getTMixMI (double *scal,int Nyars,double *Tmix)

Computes temperature based on densiynd species mole fractioXss using the equation of state.
e scal - pointer to an array oNspec+ 1 doubles(p, X1, Xp,...,Xn), densityp [kg/md], species
mole fractionsX [].
® Nyars- no. of variables= Nspec+ 1
e Tmix - pointer to temperature [K]

. int TCDND _getMs2CpMixMs(double *scal,int Nyars,double *cpmix)

Computes mixture specific heat at constant pressure basethpetaturd and species mass frac-
tionsY’s. If the non-dimensional flag is ON (usinBC_setNonDiny this function expects non-
dimensional input and will provide non-dimensional output

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥’ [].
® Nyars- No. of variables= Nspec+ 1
e Cpmix - pointer to mixture specific heat at constant presgli(kg-K)]
int TC _getMs2CpMixMs(double *scal,int Nyars,double *cpmix)

Computes mixture specific heat at constant pressure basethpertaturd and species mass frac-
tionsY’s.

e scal-pointer to an array dispect 1 doublegT,Y1,Ys, ..., Yn), temperaturd [K], species mass
fractionsyY [].
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11.

12.

13.

14.

15.

® Nyars- No. of variables= Nspec+ 1
e Cpmix - pointer to mixture specific heat at constant presgli(kg-K)]
int TCDND _getMs2CvMixMs(double *scal,int Nyars,double *cvmix)
Computes mixture specific heat at constant volume based gretamarel and species mass frac-

tionsY’s. If the non-dimensional flag is ON (usinBC_setNonDiny this function expects non-
dimensional input and will provide non-dimensional output

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y,...,Yn), temperaturel [K], species
mass fraction¥ [].
® Nyars- no. of variables= Nspec+ 1
e CVMIX - pointer to mixture specific heat at constant volumigiK)]
int TC _getMs2CvMixMs(double *scal,int Nyars,double *cvmix)

Computes mixture specific heat at constant volume based quetatareT and species mass frac-
tionsY’s.

e scal - pointer to an array oNspect+ 1 doubles(T,VY1,Y,...,Yn), temperaturel [K], species
mass fraction¥ [].
® Nyars- no. of variables= Nspec+ 1
e CVMIX - pointer to mixture specific heat at constant volunigiK)]
int TCDND _getMI2CpMixMI (double *scal,int Nygs,double *cvmix)
Computes mixture heat capacity at constant pressure baseshmmeraturel and species mole

fractionsX’s. If the non-dimensional flag is ON (usirigC_setNonDin) this function expects non-
dimensional input and will provide non-dimensional output

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, Xp, ..., Xy ), temperaturd [K], species
mole fractionsX [].
e Nyars- no. of variables= Nspec+ 1
e CVMIX - pointer to mixture heat capacity at constant voludiémotK)]
int TC_getMI2CpMixMI (double *scal,int Ny4rs,double *cvmix)

Computes mixture heat capacity at constant pressure basezimperaturel and species mole
fractionsX’s.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, Xp, ..., Xy ), temperaturd [K], species
mole fractionsX [].
® Nyars- no. of variables= Nspec+ 1
e CVMIX - pointer to mixture heat capacity at constant voludiéimotK)]
int TCDND _getCpSpecMgdoublet,int Nspegdouble *cpi)
Computes species specific heat at constant pressure bassdmeraturd . If the non-dimensional

flag is ON (usingTC_setNonDin) this function expects non-dimensional input and will pdav
non-dimensional output.
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16.

17.

18.

19.

20.

e t - temperaturd [K]
® Nspec- NO. of species
e Cpi - array with species specific heats at constant presdifkeK)]
int TC_getCpSpecMsdoublet,int Nspesdouble *cpi)
Computes species specific heat at constant pressure bassdmeraturd .
e t - temperaturd [K]
® Nspec- NO. of species
e Cpi - array with species specific heats at constant presdi{kerK)]
int TCDND _getCpSpecM(doublet,int Nspegdouble *cpi)
Computes species heat capacities at constant pressuredbasetperaturé . If the non-dimensional
flag is ON (usingl C_setNonDinpthis function expects non-dimensional input and will pdamnon-
dimensional output.
e t - temperaturd [K]
® Nspec- NO. of species
e Cpi - array with species heat capacities at constant pre$3ti{kmolK)]
int TC_getCpSpecM(doublet,int Nspegdouble *cpi)
Computes species heat capacities at constant pressuredeissdperature.
e t - temperaturd [K] Y [].
® Nspec- NO. of species
e Cpi - array with species heat capacities at constant pre$3{fkmolK)]
int TCDND _getMs2HmixMs(double *scal,int Nyars,double hmix)
Computes mixture specific enthalpy based on temperaturepmuies mass fractions. If the non-

dimensional flag is ON (usin§C_setNonDim this function expects non-dimensional input and will
provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Ys,...,Yn), temperaturel [K], species
mass fraction¥’ [].

® Nyars- no. of variables= Nspec+ 1

e hmix- pointer to mixture specific enthalpy [J/kg].

int TC _getMs2HmixMs(double *scal,int Nyars,double hmix)
Computes mixture specific enthalpy based on temperaturepgnies mass fractions.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K], species
mass fraction¥’ [].
® Nyars- No. of variables= Nspec+ 1

e hmix- pointer to mixture specific enthalpy [J/kg].
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21.

22.

23.

24,

25.

26.

int TCDND _getMI2HmIixMI (double *scal,int Nyars,double *hmix)

Computes mixture molar enthalpy based on temperature amdesp@ole fractions. If the non-
dimensional flag is ON (using§C_setNonDim this function expects non-dimensional input and will
provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, Xp, ..., Xy ), temperaturd [K], species
mole fractionsX [].

® Nyars- no. of variables= Nspec+ 1

e hmix- pointer to mixture molar enthalpy [J/kmol].

int TC_getMI2HmIixMI (double *scal,int Nyars double hmix
Computes mixture molar enthalpy based on temperdtaed species mole fractionss.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, Xp, ..., Xy ), temperaturd [K], species
mole fractionsX [].

® Nyars- no. of variables= Nspec+ 1

e hmix- pointer to mixture molar enthalpy [J/kmol].
int TCDND _getHspecMgdoublet,int Nspesdouble *hi)
Computes species specific enthalpies based on temperatlitbe non-dimensional flag is ON (us-
ing TC_setNonDiny this function expects non-dimensional input and will pde/non-dimensional
output.

e t - temperaturd [K]

® Nspec- NO. of species

e hi - array ofNspecdoubles with species specific enthalpies [J/kg]
int TC _getHspecMgdoublet,int Nspegdouble *hi)
Computes species specific enthalpies based on temperature

e t - temperaturd [K]

® Nspec- NO. of species

e hi - array ofNspecdoubles with species specific enthalpies [J/kg]
int TCDND _getHspecMI(doublet,int Nspegdouble *i)
Computes species molar enthalpies based on tempefatlfrehe non-dimensional flag is ON (us-
ing TC_setNonDin) this function expects non-dimensional input and will pda/non-dimensional
output.

e t - temperaturd [K]

® Nspec- NO. of species

e hi - array ofNspecdoubles with species molar enthalpies [J/kmol]

int TC_getHspecMldoublet,int Nspesdouble *hi)
Computes species molar enthalpies based on tempefature
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e t - temperaturd [K]
e Nspec- NO. of species
e hi - array ofNspecdoubles with species molar enthalpies [J/kmol]
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Chapter 7

Nomenclature

e Temperature T - [K].
e Density :p - [%%]
e Thermodynamic pressurd®.- [r'f]—gs]

e Mass and mole fraction of speciksYy andXy, respectively {].

e Molar concentration of speciés X, respectively {12,
e Molecular weight of specidsand of the mixtureW, andW, respectively {-3L | = [klr(r?ol] :

e Universal gas constarif] = 8.314472x 10° [ -] = 1.98721[ ¢ |.

mol-K

e Molar heat capacity at constant pressure (speciesl mixture) Cp i andCp, respectively { 2 1.
e Specific heat capacity at constant pressure (spkeiad mixture).cp x andcp, respectively {kgid .
e Molar enthalpy (specidsand mixture):Hx andH, respectively [ 0}

e Specific enthalpy (speciésand mixture):h, andh, respectively [ki

I_l

e Mass reaction rate of specikscy - [ﬁkg—s} .

e Molar reaction rate of speciés ¢y - ['%,"%'] .

Non-dimensional values

e Temperature T* =T /Tiet.
e Density :p* = p/pret-
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Molar concentration of speciés X; = Xy -Wet/Pret-

Molecular weight of specidsand of the mixtureW, andW, respectively [%} = [%]

Molar heat capacity at constant pressure (spdcesd mixture):C;k = Cpk - Whef/Cpes aNdCy =
Cp - Weef/Cpyepr FESPECivEly.

Specific heat cgpacity at constant pressure (spéc@sd mixture): C’E,’k = Cpk/Cpyer @Nd Cp =
Cp/Cpyep: FESpPECtively.

Molar enthalpy (specigsand mixture):H; = Hy - Wiet/href andH* = H - Wet/hrer, respectively.
Specific enthalpy (speciésand mixture):hi = hy/hres andh® = h/hees, respectively.
Mass reaction rate of specikswy; = G - tiMref/Pret

Molar reaction rate of speciés w; = i - Wre tiMret/Pret.
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